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Abstract 
Gas-phase biofilters used for the treatment of waste gases were originally packed with 
compost or other natural filter beds containing indigenous microorganisms. Over the 
past decade much effort has been made to develop new carrier materials, more 
performant biocatalysts and new types of bioreactors. Elimination capacities reached 
nowadays are 5 to 10 times higher than those originally reported with conventional 
compost biofilters. With the recently developed inert filter beds, inoculation is a 
prerequisite for successful start-up and operation. Either non-defined mixed cultures or 
pure bacterial cultures have originally been used. The search for efficient fungal 
biocatalysts started only a few years ago, mainly for the biofiltration of waste gases 
containing hydrophobic compounds, such as styrene, α-pinene, benzene, or 
alkylbenzenes. In this review, recently isolated new fungal strains able to degrade 
alkylbenzenes and other related volatile organic pollutants are described, as well as their 
major characteristics and their use as biocatalysts in gas-phase biofilters for air pollution 
control. In biofiltration, the most extensively studied organism belongs to the genus 
Exophiala, although strains of Scedosporium, Paecilomyces, Cladosporium, 
Cladophialophora, and white-rot fungi are all potential candidates for use in biofilters. 
Encouraging results were obtained in most of the cases in which some of those 
organisms were present in gas-phase biofilters. They allow reaching high elimination 
capacities and are resistant to low pH values and to reduce moisture content. 
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1. Background on the biodegradation of volatile pollutants by fungi 
The biodegradation of volatile pollutants by fungi in batch liquid cultures was already 
reported a few decades ago mainly in the case of not only aliphatic compounds, such as 
n-alkanes, but also alcohols, formaldehyde, etc.; as well as in the case of hydroxylated 
aromatics, i.e. phenols. Some examples are listed in Table 1. However, extensive 
studies on the removal of volatile compounds belonging to the group of non-oxygenated 
aromatic pollutants, i.e. benzene, alkylbenzenes, styrene, and other related compounds, 
by filamentous fungi and yeast-like fungi were initiated only very recently. Assimilation 
of such compounds seems not to be a widespread characteristic in eukaryotes. 
Table 1. Biodegradation and growth of filamentous fungi on some volatile aliphatics 
and phenolic pollutants 
 
Compounds Organisms References 
n-Alkanes   
 C2-C4-Alkanes Acremonium sp. Davies et al. (1973) 
 C6-C19-Alkanes Cladosporium resinae Cofone et al. (1973) 
 ATCC 22711 
Lindley and Heydeman 
(1983) 
 n-Butane Graphium sp. ATCC 58400 Hardison et al. (1997) 
 C1-C9-Alkanes Scedosporium sp. Onodera et al. (1989a) 
 n-Hexadecane Trichosporon veenhuisii CBS 7136 Middelhoven et al. (2000) 
Phenols   
 Phenol Aspergillus japonicus Milstein et al. (1983) 
 Phenol Penicillium spp. Scow et al. (1990) 
  Hofrichter et al. (1993) 
 Phenol Trichosporon cutaneum Neujahr and Varga (1970) 
 Phenol Trichosporon guehoae CBS Middelhoven et al. (1999) 
 m-Cresol 8521  
 Phenol Trichosporon veenhuisii Middelhoven et al. (2000) 
 m-Cresol CBS 7136  
 p-Cresol Aspergillus fumigatus ATCC 28282 Jones et al. (1993) 
 o-Cresol Penicillium frequentans ATCC 96048 
a (growth on 
glucose and phenol) Hofrichter et al. (1995) 
 o, m, and p-Cresol Trichosporon cutaneum KUY-6A Hasegawa et al. (1990) 
Others   
 Formaldehyde Gliocladium deliquesecens Sakaguchi et al. (1975) 
 Methanol   
 Formaldehyde Paecilomyces variotii Sakaguchi et al. (1975) 
 Methanol   
 Diethyl ether Graphium sp. ATCC 58400 Hardison et al. (1997) 
 Methyl tert-butyl 
ether Graphium sp. ATCC 58400 
a (growth on n-alkanes) Hardison et al. (1997) 
A Cometabolism. 
The strain Cladosporium resinae ATCC 22711 was claimed to exhibit a minimal 
growth with a low biomass yield on benzene after a long period of incubation of several 
weeks, but further investigation with that strain would have been needed to confirm this 
finding ( Cofone et al., 1973). More recently, Phanerochaete chrysosporium was also 
shown to use and degrade 9.6 and 18.1% benzene in the case of strains ME-446 and 
BKM-F 1767, respectively ( Yadav and Reddy, 1993). Somewhat more information has 
recently been obtained on the biodegradation of substituted benzenes in fungi. A recent 
study showed that among 260 fungi screened from a culture collection, none appeared 
to be able to grow on toluene as sole carbon and energy source ( Prenafeta-Boldú et al., 
2001). Despite this observation, experiments with new fungal isolates indicated that 
toluene seems to be the most easily biodegradable alkylbenzene in fungi ( Estévez et al., 
2004, García-Peña et al., 2001, Prenafeta-Boldú et al., 2001 and Woertz et al., 2001). 
According to our present knowledge, fungi using xylenes as carbon and energy sources 
are scarce. Some strains of the white-rot fungus P. chrysosporium can degrade xylenes 
during primary metabolism, although biodegradation is only partial (<50%) and the 
level of mineralization is quite limited ( Yadav and Reddy, 1993). Very recently xylenes 
proved to be partly cometabolized by another fungal strain, that does not belong to the 
group of white-rot fungi, in presence of toluene or ethylbenzene as growth substrate ( 
Prenafeta-Boldú et al., 2002). Benzene rings with one single side chain seem to be much 
easier to metabolize than poly-substituted compounds in eukaryotes. The same is true in 
most prokaryotes ( Veiga et al., 1999). However, some fungi appeared to degrade n-
alkylbenzenes with side chains containing at least four or more carbons, while they were 
unable to grow on benzene, toluene or ethylbenzene ( Fedorak and Westlake, 1986). 
Although fungi can degrade volatile aromatic pollutants, the capacity to degrade 
hydrocarbons is not a constant characteristic among specific fungal species, and such 
metabolic activity can therefore not be used in taxonomic studies ( Oudot et al., 1993), 
despite the fact that this has sometimes been suggested ( Nyns et al., 1968). In this 
paper, our interest will mainly focus on the group of alkyl- and alkenyl-benzenes, since 
they are important air pollutants and most of the information on the removal of those 
compounds by fungi is very recent. Studies on the removal of such hydrophobic 
compounds from polluted air by means of gas-phase bioreactors inoculated with fungi 
or yeast-like fungi were initiated hardly more than one decade ago ( Braun-Lüllemann 
et al., 1992, Cox et al., 1996a and Cox et al., 1997). 
2. Suitability of fungi for air treatment in biofilters 
2.1. Potential advantages of fungal biofilters 
The main advantage of fomenting fungal rather than bacterial growth for the 
biofiltration of hydrophobic pollutants is their ability to degrade the substrates under 
extreme environmental conditions regarding pH, low water content and limited nutrient 
concentrations. 
Fungi are able to grow under both neutral as well as acidic conditions and to be 
metabolically active over a wide pH range between approximatly 2 and 7, depending on 
the species. Bacteria are usually considered to be less tolerant to pH fluctuations and 
require a near neutral environment for their activity. Occasionally, some bacterial 
species do also tolerate acidic conditions and may outcompete fungi in acidic 
environments. This is the case for several organic and inorganic sulphur-compounds. 
Indeed, bacterial biodegradation of pollutants as hydrogen sulphide or dimethyl 
sulphide generates acids causing a strong acidification of the medium (Kennes and 
Veiga, 2001). Bacteria degrading such compounds remain highly active down to pH 
values as low as 1 or 2 (Yang and Allen, 1994). Biodegradation of sulphur-compounds 
by fungi is also possible, although it is apparently much less common among eukaryotes 
than among bacteria (Ishikawa et al., 1980 and Phae and Shoda, 1991), and fungi 
degrading such pollutants are often not active at very low pH. An unidentified 
basidiomycete appeared to degrade hydrogen sulphide, methanethiol, dimethyl sulphide 
and dimethyl disulphide at high rates between pH 5.6 and 6.9 (Phae and Shoda, 1991). 
However, extremely low rates were measured with that strain at either pH 3.8 or pH 7.5. 
Some examples of microorganisms degrading sulphur-compounds are listed in Table 2. 
Table 2. Examples of microorganisms degrading hydrogen sulphide and dimethyl 
disulphide 
 
Compounds Microorganisms Other characteristic References 
Hydrogen sulphide Thiobacillus sp. CH11 Autotrophic Chung and Huang (1997) 
 Thiobacillus thioparus TK-m Autotrophic Tanji et al. (1989) 
 Thiobacillus thiooxidans KS1 Autotrophic Shinabe et al. (1995) 
 Hyphomicrobium sp. I55 Methylotrophic Zhang et al. (1991a) 
 Xanthomonas sp. DY44 Heterotrophic Cho et al. (1992) 
 Unidentified basidiomycete Fungus Phae and Shoda (1991) 
 Cephalosporium sp. Fungus Ishikawa et al. (1980) 
    Dimethyl disulphide Thiobacillus sp. Autotrophic Kelly and Smith (1990) 
 Hyphomicrobium sp. I55 Methylotrophic Zhang et al. (1991a) 
 Pseudomonas acidovorans DMR11 Heterotrophic Zhang et al. (1991b) 
 Unidentified basidiomycete Fungus Phae and Shoda (1991) 
 Cephalosporium sp. Fungus Ishikawa et al. (1980) 
Somewhat more different fungal species can degrade volatile organic compounds 
(VOCs) under extreme conditions and would be particularily useful for biological waste 
gas treatment. Occasionally, some bacterial strains are also efficient VOC degraders in 
acid media, and some Pseudomonas and Bacillus strains can degrade alkylbenzenes at 
low pH (around pH 3.5), although such characteristic is not really widespread among 
prokaryotes ( Veiga et al., 1999). 
It is well known that when treating waste gases in gas-phase bioreactors, a major 
concern is to maintain a high enough level of moisture to avoid a drop of performance 
(Kennes and Veiga, 2001). Here again, fungi present another advantage over bacteria, in 
that they are more tolerant to a low water content and a reduced water activity. The 
water activity (aw) is the amount of water that is free in a given environment. Contrary 
to the water content, the value of aw represents the amount of water actually available to 
microorganisms. For pure distilled water, aw = 1.0. If chemicals or solids are added to 
an aqueous phase, the water activity will usually drop below 1. For optimal growth of 
most bacteria, the water activity should be above 0.90, while xerotolerant fungi are 
capable of growing at aw values as low as 0.60. Exceptionally, bacteria do also tolerate 
or require low water activities for growth, as was observed for some Bacillus (aw = 
0.90), Staphylococcus (aw = 0.85) or Halobacterium (aw = 0.75) species ( Atlas and 
Bartha, 1998). 
It has recently been suggested that fungi may be especially suitable for the treatment of 
waste gases containing hydrophobic pollutants. It was hypothesized that the large 
surface area of hyphae would enhance the absorption and transport of hydrophobic 
compounds from the contaminated gas phase to the cell surface (Kennes and Veiga, 
2001). Also, fungi are more tolerant to dry conditions than bacteria. Therefore, the 
thickness of the water layer between the gas phase and the fungal biofilm may be 
smaller, which, here again, results in a faster mass transfer of hydrophobic compounds 
from the air to the biocatalyst. However, this does not necessarily mean that the 
presence of filamentous fungi will always allow reaching a higher biofilter performance 
than with other types of microorganisms, since other parameters will also affect the 
removal rate and the efficiency of biodegradation. 
2.2. Potential drawbacks of fungal biofilters 
As a matter of fact, the growth of fungi in biofilters does not only present advantages. 
The most relevant potential drawbacks are explained hereafter. 
High head losses are reached sooner in presence of filamentous fungi than in the 
presence of non-filamentous microorganisms, eventually leading to channeling and 
clogging problems in the biofilter, which ends up in a reduced efficiency. Recently, 
some innovative solution, such as the addition of mites to the filter bed has been tested 
to reduce such problem (van Groenestijn et al., 2001). Other methods, as backwashing 
or air-sparging, as well as the use of specific chemicals, may be used to control the 
pressure drop (Mendoza et al., 2004). 
The potential pathogenicity of some fungi found in biofilters is another problem, above 
all in the case of strains presenting a fast growth around 37 °C. However, one should 
also keep in mind that many fungi are not pathogenic at all and do not cause diseases in 
healthy persons. Some yeasts and fungi have even proven to be very useful to human 
beings for ages. 
Finally, according to our present knowledge of fungal metabolism of hydrophobic 
pollutants, in general, fungi grow on a somewhat narrower range of substrates than 
bacteria, which may limit their application to waste gases containing only a reduced 
number of different pollutants. Otherwise, mixed cultures may be required for the 
treatment of complex gaseous effluents. Regarding the range of temperatures suitable 
for biofiltration with fungi, it is worth mentioning that fungal biofiltration under 
thermophilic conditions remains an unexplored area of research. Most fungi degrading 
volatile hydrophobic pollutants have been isolated under mesophilic conditions. 
3. Fungal candidates for VOC removal and air pollution control 
As mentioned above, theoretically filamentous fungi and yeast-like fungi are best suited 
for the treatment of hydrophobic VOCs rather than volatile inorganic compounds 
(VICs), organic sulphur-compounds, or other related pollutants. So far, they have 
almost exclusively been inoculated in biofilters fed non-oxygenated benzene related 
pollutants. Our review will thus mainly focus on these contaminants, although it would 
certainly be worth evaluating the efficiency of such microorganisms in presence of other 
aromatic as well as aliphatic compounds, and above all in case of mixtures of different 
pollutants. The present section will focus on the few fungi that have been either isolated 
from gas-phase biofilters or inoculated in such systems. 
3.1. Ligninolytic fungi 
The biodegradation of toxic contaminants by ligninolytic fungi has been studied for 
several decades mainly in polluted soils and, to a lower extent, in wastewaters. By far, 
the most widely studied white-rot fungus belongs to the species P. chrysosporium. 
Although, the interest of inoculating ligninolytic fungi in gas-phase biofilters has been 
evaluated, these organisms are mainly interesting for the removal of high-molecular-
weight aromatic compounds rather than volatile pollutants ( Cerniglia, 1992). Therefore, 
they are best suited for soil remediation ( Davis et al., 1993) rather than for air pollution 
control. As their name indicates, ligninolytic fungi are able to degrade complex 
molecules as lignin. The stimulation of the ligninolytic metabolism of white-rot 
basidiomycetes results in the expression of extracellular enzymes. These enzymes are 
highly non-specific and allow the biodegradation of pollutants as polyaromatic 
hydrocarbons (PAHs) or other aromatic compounds with a structure similar to lignin 
regions. It is worth mentioning that some bacteria can also degrade low-molecular-
weight PAHs, in most cases, at higher rates than white-rot fungi, but they are less 
resistant to extreme conditions regarding pH or water content. Lighter molecules, such 
as the pollutants belonging to the BTEX family (benzene, toluene, ethylbenzene, 
xylenes) as well as styrene can also be biodegraded by P. chrysosporium and some 
other white-rot fungi ( Yadav and Reddy, 1993 and Braun-Lüllemann et al., 1997). 
There are a few drawbacks linked to the use of basidiomycetes. Besides the need of 
macronutrients, a primary carbon and energy source must be added for the removal of 
most pollutants, since biodegradation of many VOCs results from a cometabolic 
mechanism. Therefore, a primary substrate must often be added to the contaminated 
environment if not naturally available in the system. In general, the production of 
ligninolytic enzymes occurs under nutrient (usually nitrogen) limitation, but, 
occasionally, the biodegradation system may be expressed during primary metabolism 
for some pollutants. This is the case for BTEX compounds, which are degraded under 
non-ligninolytic culture conditions in P. chrysosporium ME-446 and BKM-F 1767 ( 
Yadav and Reddy, 1993). Biodegradation does not thus involve extracellular lignin 
peroxidases nor manganese-dependent peroxidases. 
Another potential disadvantage of white-rot fungi is the accumulation of significant 
amounts of toxic intermediate products (Kennes and Lema, 1994), although the 
complete mineralization of a fraction of some pollutants to carbon dioxide has 
sometimes been reported, reaching occasionally up to 50% mineralization in the case of 
a P. chrysosporium strain fed toluene ( Yadav and Reddy, 1993). Biodegradation of 
styrene by the white-rot fungus Pleurotus ostreatus led to the formation of phenyl-1, 2-
ethanediol, 2-phenylethanol and benzoic acid, while only 4% of the original substrate 
concentration was recovered as carbon dioxide according to experiments with 14C 
labelled compounds ( Braun-Lüllemann et al., 1997). The same authors report the 
complete removal of styrene in 48 h by P. chrysosporium ATCC 34541 at 22 °C and pH 
5.5. More recent studies showed that another strain, P. chrysosporium ATCC 24725, 
was unable to grow on styrene at ambient temperature (23 ± 2 °C) between pH 3.5 and 
6.5 ( Qi et al., 2002). 
3.2. Exophiala spp. 
Exophiala species belong to the so-called group of black yeasts. They present either a 
yeast-like shape or a filamentous morphology with the formation of hyphae. Some 
Exophiala strains are prone to cause cutaneous infections, but basically exclusively in 
non-healthy persons. Their potential for biodegradation of VOCs was discovered quite 
recently. Studies undertaken with 84 benzene-related compounds and 28 yeasts and 
yeast-like species have shown that growth on oxygenated aromatic substrates is more 
frequent among basidomycetous yeast species than among ascomycetes. However, the 
most outstanding exception in that study was the ascomycete Exophiala jeanselmei, 
which was able to grow on 55 of the compounds tested ( Middelhoven, 1993). More 
recently, studies undertaken in different laboratories led to the conclusion that the 
biodegradation of non-oxygenated substituted benzenes is a relatively widespread 
characteristic among different Exophiala species. Exophiala jeanselmei, Exophiala 
lecanii-corni, and the new species Exophiala oligopserma have all been found in gas-
phase biofilters fed either toluene or styrene, respectively, in The Netherlands ( 
Hartmans et al., 1990, Cox et al., 1996a and Cox et al., 1997), the United States ( 
Woertz et al., 2001), and Spain ( Estévez et al., 2004). The range of compounds that can 
be used as carbon and energy sources depends on the specific species or strain. 
The ability of E. jeanselmei to grow on substituted benzenes is limited to a narrow 
range of substrates ( Table 3). That organism is able to grow on styrene in a mineral 
medium, but it cannot metabolize benzene or alkylbenzenes like toluene, ethylbenzene, 
or the xylene isomers ( Cox et al., 1996a). It can also grow on solidified synthetic 
medium with styrene as sole carbon and energy sources at concentrations of up to 
25 g/m3 air. In a similar context, a recently isolated E. oligosperma strain was also 
shown to use a very narrow range of benzene compounds ( Table 3). That organism is 
able to grow on toluene in the same mineral medium as E. jeanselmei, either in shake 
flasks or on agar plates at 30 °C ( Estévez et al., 2004). Nevertheless, so far that strain 
was unable to grow on either benzene, ethylbenzene or xylenes, under the same 
experimental conditions as with toluene (unpublished data). At least 60–70% of the 
carbon source was converted to carbon dioxide, in both E. jeanselmei and E. 
oligosperma in shake flasks. It is interesting to note that the E. jeanselmei strain 
described by Cox et al. (1993) was recently redefined as E. oligosperma ( de Hoog et 
al., 2003). However, that organism is unable to assimilate toluene, contrary to the E. 
oligosperma strain described by Estévez et al. (2004). Growth experiments undertaken 
with another pure Exophiala strain T4, identified only at the genus level, indicated that 
organism used both toluene and ethylbenzene as carbon and energy sources. Benzene, 
naphthalene, xylenes and styrene did not support growth ( Prenafeta-Boldú et al., 2001). 
Toluene was assimilated slightly faster than ethylbenzene. Another strain, E. lecanii-
corni, was isolated on toluene as single carbon source ( Woertz et al., 2001). Later, it 
appeared also to be able to grow on styrene, benzene and ethylbenzene ( Qi et al., 2002). 
 
 
 
 
 
 
Table 3. Growth of different Exophiala species on non-oxygenated aromatic 
hydrocarbons relevant in air pollution control 
 
 
Exophiala 
jeanselmei a 
Exophiala 
lecanii-corni b 
Exophiala 
oligosperma c 
Exophiala 
sp. T4 d 
Styrene + + NR − 
Benzene − + − − 
Toluene − + + + 
Ethylbenzene − + − + 
o-Xylene − NR − − 
m-Xylene − NR − − 
p-Xylene − NR − − 
+, growth; −, no growth; NR, not reported. 
a 
Cox et al. (1996a). 
b 
Woertz et al. (2001). 
c 
Estévez et al. (2004). 
d 
Prenafeta Boldú et al. (2001). 
 
Most Exophiala strains are mesophilic. In the vast majority of published papers, growth 
was studied either at room temperature or around 25–30 °C. E. oligosperma and 
Exophiala T4 were unable to assimilate toluene at temperatures above 37 °C. Both 
strains grow at temperatures ranging from 20 to 30 °C, with an optimum temperature for 
growth on toluene around 30 °C ( Prenafeta-Boldú et al., 2001 and Estévez et al., 2004). 
Since they are unable to grow at the typical temperature of human body, they should not 
cause infections in humans or mammals in general. A similar trend was observed in E. 
jeanselmei. That organism exhibited basically constant styrene oxidation rates between 
22.5 and 33 °C, whereas a rapid decrease was observed at higher temperatures ( Cox et 
al., 1997). Oxygen uptake rates with that strain in presence of styrene were constant 
between pH 1.5 and 8. A decrease of activity was only observed, when further 
decreasing the pH value. The maximal styrene degradation rate was 21 μg/mg 
protein.min. The Ks for styrene was below 7.5 μM corresponding to 0.117 g/m3 air, 
although its exact value was not estimated. According to the Haldane equation, the 
inhibition constant was 0.21 mM, which is equivalent to 3.25 g/m3 air. 
The nature of the nitrogen source is important when working with pure fungal cultures 
and may be used as a criterium for the classification of yeasts and fungi. Most fungi can 
use ammonium as nitrogen source. Contrary to some other fungi, Exophiala species are 
also able to assimilate nitrate. Growth rates and yields are often lower with nitrate than 
with ammonium. Media containing ammonium rather than nitrate will lead to a stronger 
medium acidification during fungal growth. In presence of NH4Cl or (NH4)2SO4, 
ammonia nitrogen is used by the fungi, and either hydrogen chloride or hydrogen 
sulphide is released with the simultaneous acidification of the medium. 
According to Cox et al. (1996b), styrene metabolism in E. jeanselmei starts with the 
attack of the vinyl side chain and the formation of phenylacetic acid, which is then 
hydroxylated to homogentisic acid to be finally mineralized to water and carbon 
dioxide. Similar metabolic reactions may be expected for toluene, with an initial 
reaction at the level of the methyl group resulting in the formation of benzyl alcohol and 
then benzoic acid before mineralization. It was observed that in other fungi as 
Mortierella isabellina and Helminthosporium the metabolism of toluene is also 
characterized by the hydroxylation of the side chain leading to the formation of benzyl 
alcohol ( Holland et al., 1988). As will be described below, the same holds for most of 
the fungi described in this paper. 
3.3. Scedosporium spp. 
The isolation of Scedosporium apiospermum from a gas-phase biofilter degrading 
toluene has been described on one occasion as well as its inoculation in such systems ( 
García-Peña et al., 2001). S. apiospermum is an ascomycete belonging to the family of 
Microascaceae. Although Scedosporium spp. were already known to oxidize aliphatic 
pollutants as hydrocarbons (n-alkanes) and alcohols ( Onodera et al., 
1989b and Onodera and Ogasawara, 1989c), their ability to assimilate toluene had not 
been described before. Their maximum growth temperature may occasionally reach 
40 °C. Some strains of S. apiospermum have proven to be the responsible agent of 
cystic fibrosis ( Cimon et al., 2000) and cutaneous infections but mainly in 
immunosuppressed patients ( Chaveiro et al., 2003). The removal of other 
alkylbenzenes or hydrophobic VOCs in general has not been described. 
3.4. Paecilomyces spp. 
As in the case of S. apiospermum, one strain of Paecilomyces variotii has been isolated 
from a gas-phase biofilter and that organism has been used as inoculum in a biofilter fed 
toluene-polluted air ( Estévez et al., 2004). The genus Paecilomyces is closely related to 
the genus Penicillium, but the colonies of the former are usually white to yellow-brown, 
while those of Penicillium are most often green or blue-green. It was also recently 
reported that strains of P. variotii can grow on diesel oil in aqueous phase ( Bento and 
Gaylarde, 2001). Diesel oil is a complex mixture of hydrocarbons consisting of about 
30% n-alkanes, 45% cyclic alkanes and 24% aromatics ( Frankenberger et al., 1989). 
However, the authors did not check the nature of the specific oil components used by 
the fungus. It is not clear if they grew on either the aliphatic or the aromatic fraction of 
oil, or both. Some Paecilomyces strains are resistant to heavy metals, and lead tolerant 
Paecilomyces species have been used in bioremediation studies for the biosorption of 
heavy metals ( Wise, 1997). Although Paecilomyces spp. are deuteromycetes and do not 
belong to the group of white-rot fungi, it is worth mentioning that some strains are able 
to degrade lignin and lignin-related aromatic compounds as well ( Kluczek-Turpeinen et 
al., 2003). A strain of Paecilomyces, isolated from a coastal marine environment and 
identified at the genus level, was able to grow on n-alkylbenzenes provided that the side 
chain contained at least four carbons ( Fedorak and Westlake, 1986). It could not grow 
on benzene, toluene or ethylbenzene. The transient accumulation and subsequent 
removal of benzoic and phenyl acetic acids suggests that Paecilomyces strain initially 
attacked the n-alkyl side chain and also metabolized the aromatic ring ( Fedorak and 
Westlake, 1986). The P. variotii strain isolated in our laboratory used toluene as sole 
carbon and energy source in a mineral medium, with production of carbon dioxide. Our 
on-going studies indicate that it is unable to metabolize benzene, ethylbenzene or 
xylenes as single substrates. Toluene was degraded with ammonium as nitrogen source 
but not with nitrate. No transient accumulation of intermediate products was detected in 
that strain. Biodegradation of alkylbenzenes does usually start with the hydroxylation of 
the side chain. Biodegradation of benzene, without any side chain, has not been detected 
in Paecilomyces strains. Nevertheless, P. lilanicus SBUG-M 1093 was recently shown 
to partly metabolize biphenyl, a molecule containing two benzene rings without any 
side-chain, by a first hydroxylation step of one of the benzene rings to form 2-, 3-, and 
4-hydroxybiphenyls ( Gesell et al., 2001). 
Some Paecilomyces strains are thermotolerant and may grow at temperatures above 45–
50 °C. However, our P. variotii strain could not assimilate toluene at such high 
temperatures. Either Paecilomyces may grow in the form of pellets or its growth may be 
characterized by a typical filamentous hyphal aspect ( Sinha et al., 2001). It was 
observed that in Paecilomyces japonica the formation of pellets rather than free mycelia 
is favoured by high aeration and optimal substrate concentration, as well as mild 
agitation in aqueous phase ( Sinha et al., 2001). Paecilomyces spp. are normally not 
considered as pathogens and are seldom responsible for human infections, although they 
may occasionally be involved in mycosis in immunosuppressed patients. 
3.5. Cladosporium spp. 
Although the growth on volatile aliphatic hydrocarbons as n-alkanes by deuteromycetes 
belonging to the genus Cladosporium was reported several years ago ( Siporin and 
Cooney, 1975, Lindley and Heydeman, 1983 and Lindley and Heydeman, 1986), the 
isolation and detailed study of strains growing on aromatic pollutants is much more 
recent. Several years ago, it was mentioned that Cladosporium sphaerospermum ATCC 
22711 exhibited a low growth on benzene as well as o- and m-xylenes, although no 
further information was given ( Cofone et al., 1973). More recently, similar results were 
obtained with C. sphaerospermum ATCC 200384, exhibiting a limited growth on 
benzene at room temperature between pH 3.5 and 6.5 ( Qi et al., 2002). That strain 
could also grow on toluene and ethylbenzene. No data were reported for the xylene 
isomers. The levels of biodegradation and/or mineralization were not evaluated in any 
of those experiments. 
A few years ago, a strain of C. sphaerospermum was isolated from a gas-phase biofilter 
treating toluene-polluted air ( Weber et al., 1995). When grown in static-liquid medium 
in presence of about 40 μmol toluene, the fungus started degrading the carbon source 
after a lag phase of about one week. More than 60% of the substrate was recovered as 
carbon dioxide, while approximatly 30–40% was calculated to be converted to biomass 
( Prenafeta-Boldú et al., 2001). The optimum temperature for growth was 30 °C, 
although substrate consumption was possible over all the temperature range tested, i.e. 
20–37 °C. When grown on toluene at 30 °C, the Km value was 22 μM according to 
oxygen consumption rates, and the KI causing 50% inhibtion was 2.9 mM. C. 
sphaerospermum did also grow on ethylbenzene, styrene, phenol and cresols, though at 
much lower rates than on toluene. In that organism, there was evidence that toluene is 
most probably degraded by an initial attack of the methyl group, leading to the 
formation of benzyl alcohol, benzaldehyde, and benzoic acid before ring fission ( Weber 
et al., 1995). 
3.6. Cladophialophora spp. 
Cladophialophora has a high taxonomic affinity with Exophiala ( de Hoog et al., 1995). 
Two different strains of that genus have been isolated on toluene, one of which was also 
able to grow on both styrene and ethylbenzene ( Prenafeta-Boldú et al., 2001). The fact 
that the other one could only grow on toluene again indicates that biodegradation of 
such compounds in fungi is often a species- or even strain-specific characteristic. The 
strain that grew on the widest substrate range, known as Cladophialophora sp. ATCC 
MYA-2335, was further studied in batch assays and appeared to co-metabolize the o- 
and m-xylenes in mixture with toluene and ethylbenzene as sources of carbon and 
energy ( Prenafeta-Boldú et al., 2002). The ortho- and meta-xylene isomers started 
being degraded after toluene and ethylbenzene were partly removed from the aqueous 
medium. Both isomers were completely removed from the medium in mixture with 
anyone of the other mentioned alkylbenzenes but they were not degraded at all, when 
supplied as single carbon substrate. p-Xylene was only degraded in a binary mixture 
with toluene, after complete mineralization of toluene. It was not biodegraded in 
presence of ethylbenzene. Only 58 ± 12% of the xylene isomer had been degraded 
before concluding the experiment. About two-third of the substrate was converted to 
carbon dioxide in the case of either toluene or ethylbenzene, while the remaining one-
third was converted to biomass ( Prenafeta-Boldú et al., 2002). Accumulation of non-
identified soluble intermediate metabolites did only occur in case of the xylenes, with 
accumulation of dibenzoic acids. Regarding the biodegradation pathway, it was 
observed that toluene is first hydroxylated at the level of the side chain to form benzyl 
alcohol, which is then converted to benzoic acid, prior to cleavage of the aromatic ring 
as was also suggested in the case of Cladosporium, Paecilomyces, and Exophiala spp. 
3.7. Other strains 
Isolates of Penicillium, Beauvaria, and Verticillium species were able to grow on 
alkylbenzenes provided the side chain contained at least eight (Verticillium) or nine 
(Penicillium, Beauvaria) carbons ( Fedorak and Westlake, 1986). All these organisms 
were unable to grow either on benzene or alkylbenzenes with shorter side chains, as 
toluene or ethylbenzene. 
Besides, it is not unusual that some strains isolated on specific volatile pollutants lose 
their ability to biodegrade the original substrate during the harvesting procedure. This 
was the case, for example, for a strain of Trichosporon beigelii isolated on toluene from 
a gas-phase biofilter ( Veiga et al., 1999), as well as for a Pseudorotium sp. and a 
Leptodontium sp. ( Prenafeta-Boldú et al., 2001). With respect to the Trichosporon 
strain, to our knowledge, only one other previous study mentioned the use of toluene as 
carbon source for growth by a strain of Trichosporon cutaneum, although no further 
details were given ( Neujahr and Varga, 1970). In another paper, a strain of T. cutaneum 
KUY-6A was reported to grow on benzoic acid, a potential metabolite of alkylbenzene 
biodegradation in fungi ( Hasegawa et al., 1990). 
 
 
 
4. Fungal bioreactors for air pollution control 
4.1. Biofiltration with white-rot fungi 
Two different research lines may be considered in the biofiltration of VOC-polluted air 
with fungal biocatalysts, one focusing on the use of white-rot fungi and the other one 
focusing on fungi and yeast-like fungi that do not belong to the group of ligninolytic 
organisms. The first studies on the use of fungi in biofilters started hardly more than a 
decade ago. At that time, several research groups were actively evaluating the potential 
application of ligninolytic strains, mainly P. chrysosporium, in bioremediation of soil 
and water systems contaminated with polycyclic-aromatic hydrocarbons and phenolic 
compounds. Although white-rot fungi are of interest in the biodegradation of high-
molecular-weight aromatic compounds, they appeared also to be able to remove more 
volatile pollutants. The production of aerial hyphae was expected to be favourable for 
mass transfer and biodegradation of hydrophobic contaminants in gas-phase biofilters. 
Results on the fungal biofiltration of polluted air were initially reported for biofilters 
inoculated with the species P. ostreatus ( Braun-Lüllemann et al., 1992). The 
components of a mixture of styrene, α-pinene, alcohols (C1–C4), ammonia and sulphur 
compounds were completely degraded (>99%) by that white-rot fungus, except for α-
pinene (about 20%). In those first studies, no data were given on the period required for 
start-up nor on the long-term stability of the biofilter. The system could withstand 
fluctuations in concentration and its efficiency was not affected by shut down periods. 
Since biodegradation of volatile pollutants in ligninolytic organisms is most often by a 
secondary metabolism, the biofilter was packed with a lignocellulosic wood-related 
support material, which could be used as primary carbon source. Information on the 
long-term behaviour of such systems would be necessary, since it can be hypothesized 
that a fast-pressure drop increase should be observed as a result of the biodegradation of 
the organic filter bed combined to the filamentous growth of the organism. More 
recently, different research groups have shown that mixtures of benzene, toluene, 
ethylbenzene and xylenes (BTEX) are also degraded efficiently by white-rot fungi in 
gas-phase biofilters ( Braun-Lüllemann et al., 1995 and Oh et al., 1998). In one study, 
inert filter beds were used in a biofilter inoculated with P. chrysosporium and it was 
claimed that the supply of an additional carbon source was not necessary ( Oh et al., 
1998). It is worth recalling that the biodegradation of BTEX compounds in P. 
chrysosporium is not linked to the ligninolytic activity and that these pollutants are 
biodegraded during primary metabolism ( Yadav and Reddy, 1993). According to the 
reported experimental procedure, no nitrogen source nor other nutrients seem to have 
been added either during the one month experimental period, although a rich medium 
containing the pure strain was fed initially to inoculate the biofilter ( Oh et al., 1998). 
Elimination capacities between 0.5 and 10 g/m3 h were reached, which are low values 
compared to other fungal- and bacterial-biofilters. Further research would be necessary 
to check the viability of inoculating white-rot fungi in gas-phase biofilters and the long-
term performance and stability of such bioreactors. However, very few papers have 
been published on those systems over the past ten years. 
4.2. Biofiltration with Exophiala spp. 
The suggestion that white-rot fungi may be attractive for biofiltration studies because of 
their resistance to extreme environmental conditions and because of their filamentous 
structure was followed by the search and discovery of new fungal strains with similar 
characteristics and being able to use volatile aromatic hydrocarbons as sole source of 
carbon and energy, with the formation of carbon dioxide and water as end products. 
These recently isolated strains have been described above. Another incentive to 
undertake such studies with new fungi was the observation that when bacterial 
populations are gradually overgrown by fungal populations in biofilms, the performance 
of biofilters treating hydrophobic pollutants as toluene does sometimes improve (Veiga 
and Kennes, 2001). As mentioned earlier, the most extensively studied genus is 
Exophiala, which has almost become a model organism in the biofiltration of 
substituted benzenes. The first experiments were performed with a reactor packed with 
perlite, containing a strain of the fungus E. jeanselmei as dominant population and 
treating styrene polluted air ( Cox et al., 1996a and Cox et al., 1997). Occasionally, 
between once and twice a month, a nutritive aqueous solution was added with 
ammonium as the nitrogen source. Maximum elimination capacities around 62 g/m3 h 
were reported, although this value could be increased up to 91 g/m3 h by artificially 
increasing the concentration of oxygen in air from 21 to 40%. Interestingly, similar 
experiments undertaken with a pure culture of E. oligosperma in a biofilter with perlite 
as support material and ammonium as the nitrogen source, but with toluene as carbon 
source led to similar elimination capacities, around 77 g/m3 h, under steady-state 
conditions ( Estévez et al., 2004). Contrary to all previously reported work, in the latter 
experiment E. oligosperma was inoculated as single pure culture in the biofilter and it 
was checked over a period of several months that no other fungal nor bacterial organism 
became dominant in the system ( Fig. 1) ( Estévez et al., 2004). In the few other 
reported studies, a mixed culture containing a strain of Exophiala sp. was usually 
present in the biofilter ( Cox et al., 1997 and Woertz et al., 2001). In the case of E. 
lecanii-corni, present in a biofilter fed toluene-polluted air and packed with silicate 
pellets, similar elimination capacities were again obtained. Moreover, that strain was 
shown to tolerate high-shock loads during which the elimination capacity reached up to 
270 g/m3 h for a short period of a few hours, although the elimination efficiency 
dropped from >99% to about 90% ( Woertz et al., 2001). Previously, other authors had 
also reported a good tolerance of fungal populations to fluctuating pollutant 
concentrations in biofilters containing the fungus E. jeanselmei ( Kraakman et al., 
1997). Long-term performance of the biofilter containing E. lecanii-corni was not 
evaluated at such high loads. In all studies undertaken with Exophiala spp. ammonium 
was supplied as nitrogen source and pH dropped as a result of the uptake of NH3. 
Nevertheless, in most cases pH values as low as 3 did not adversely affect biofilter 
performance. 
 
Fig. 1.  
S.E.M. photograph of carrier material obtained after several months of operation from a biofilter 
treating toluene-polluted air and inoculated with a pure culture of Exophiala oligosperma. 
In the biofilter containing the fungus E. jeanselmei and treating styrene polluted air ( 
Cox et al., 1997), a near homogenous biofilm thickness was observed between the inlet 
and the outlet of the reactor (240–280 μm), while a non-homogenous biomass 
distribution was found in the biofilter inoculated with E. oligosperma ( Estévez et al., 
2004). In the latter system, the biofilm was up to five times thicker near the inlet than 
near the outlet of the biofilter after six months of operation. A non-homogenous 
biomass distribution was also hypothesized in the biofilter containing E. lecanii-corni 
because of the uneven-biodegradation profile observed along the height of the reactor, 
despite using a directionally-switching mode of operation. The relatively fast clogging 
after a few months of operation at high loads is a common characteristic shared by all 
the biofilters containing Exophiala spp. or any other filamentous fungi in general. The 
addition of mites by the biofilter operator may help controling excessive fungal growth 
and pressure drop ( van Groenestijn et al., 2001). Other physical or chemical biomass 
removal strategies may be considered as well ( Kennes and Veiga, 2002 and Mendoza et 
al., 2004). Sometimes, the natural invasion of mites was also observed in biofilters 
containing fungi as dominant biocatalyst, allowing to maintain at the same time a 
minimal pressure drop and a high efficiency for several months ( Prado et al., 2002). 
4.3. Biofiltration with other filamentous fungi 
Very few papers have described the use of other fungi in biofilters used for the 
treatment of hydrophobic pollutants. In some recent studies, biofilters have been 
inoculated either with Scedosporium apiospermum ( García-Peña et al., 2001), 
Paecilomyces variotii ( Estévez et al., 2004) or a Cladophialophora strain ( Woertz et 
al., 2002). In experiments undertaken with biofilters inoculated with a pure culture of S. 
apiospermum, toluene elimination capacities around 60–80 g/m3 h could be maintained 
for several weeks, although all experiments were performed for short periods of less 
than two months. Performance data were quite variable with time and seemed to be 
strongly affected by a decrease of the water content and/or a lack of nutrients. Similar 
results were obtained with either vermiculite or a mixture of vermiculite and activated 
carbon as filter beds. Between 43 and 45% of the inlet toluene was converted to carbon 
dioxide and 5–7% was incorporated as biomass. It was suggested that the non-recovered 
carbon could be converted into intermediates, extracellular polymers or carbonate ( 
García-Peña et al., 2001). Occasionally, an average elimination capacity of 258 g/m3 h 
was reached during an almost two-week period with a mixture of activated carbon and 
vermiculite as packing material, although such a high performance could not be 
maintained and the elimination capacity rapidly dropped to 60 g/m3 h. Efforts made 
afterwards to recover and reproduce such high performance values were unsuccessful. 
In the studies with P. variotii a biofilter was packed with perlite and fed toluene-
polluted air. That organism may grow either in the form of free mycelia or pellets in 
aqueous phase. The presence of many pellets in the suspension used for inoculation led 
to a rather uneven-biomass distribution along the bed height after inoculation. This 
resulted in a quite slow start-up phase. Therefore, growth in the form of pellets should 
be avoided, when preparing a seed culture. A maximum elimination capacity around 
60 g/m3 h was reached with a weekly addition of an aqueous nutrient solution 
containing ammonium as nitrogen source ( Estévez et al., 2004). 
In two biofilters inoculated with a Cladophialophora sp., elimination capacities around 
70 g/m3 h were reached with removal efficiencies close to 100%, when using perlite as 
carrier material and feeding an aqueous nutrient solution once a week. After two and a 
half months operation, the elimination capacity increased to 120 g/m3 h in the biofilter 
in which mites had been added to the filter bed on day 32, while the elimination 
capacity dropped and stabilized around 50 g/m3 h in the absence of mites ( Woertz et al., 
2002). It is worth observing that in a third biofilter packed with polyurethane foam and 
operated under the same conditions, elimination capacities around 120 g/m3 h were also 
reached without the need of adding mites to that reactor throughout the four months 
operating period. 
Biofilter performance has also been reported for non-defined mixed populations in 
which fungi were clearly dominant in the biofilm, in co-cultutre with acidophilic 
bacteria. In one such biofilter fed a mixture of toluene, ethylbenzene and o-xylene, the 
elimination capacity reached 120 g/m3 h with the complete removal of the pollutants, 
i.e. 100% removal efficiency ( Veiga and Kennes, 2001). Performance data of biofilters 
in which the dominant populations of the biocatalyst are either bacteria, fungi or mixed 
populations are compared in Table 4. These data indicate that good results have been 
obtained both with bacterial and fungal biocatalysts. However, under optimial 
conditions, the best results seem to be reached with mixed fungal-bacterial populations 
in which fungi are dominant. In such a case, studies with benzene-compounds 
(alquilbenzenes, styrene) indicated that elimination capacities as high as 120–
140 g/m3 h with removal efficiencies exceeding 99%, could be maintained for long 
periods under stable operating conditions ( Paca et al., 2001 and Veiga and Kennes, 
2001). Similarly, in biofilters packed with polyurethane and fed α-pinene, elimination 
capacities around 38 g/m3 h were reached when fungi were dominant in the biofilm ( 
van Groenestijn and Liu, 2002), which is a very good result compared to previously 
published work in which bacteria were most often dominant. 
 
 
Table 4.  
Examples of high performance biofilters treating benzene compounds and 
containing either fungi, bacteria or both populations as dominant biocatalysts 
Pollutant(s) Inoculum Dominant organism(s)a Carrier material 
Maximum 
E.C.b (g/m3 h) References 
TEX Non defined mixed culture Bacteria
c Perlite 70 Veiga et al. (1997) 
TEX Consortium: 2 bacteria + 1 fungus Bacteria Perlite 72 
Veiga and 
Kennes (2001) 
TX Consortium: 4 bacteria NS Peat beads 115 
Jorio et al. 
(1998) 
Toluene Consortium: 4 bacteria NS Peat beads 
165 (RE = 
71%) 
Jorio et al. 
(1998) 
Toluene None Pseudomonas putida Compost pellets 200 
Roy et al. 
(2003) 
Toluene Acinetobacter sp. NS Peat:Glass beads (4:1) 100 
Zilli et al. 
(2000) 
TEX Consortium: 2 bacteria + 1 fungus 
Fungi: non 
inoculated strains Perlite >120 
Veiga and 
Kennes (2001) 
Toluene 
Bacteria: mainly 
Pseudomonas 
putida 
Exophiala 
lecanii-corni Silicate pellets 
70–90, 270 
(short term) 
Woertz et al. 
(2001) 
Toluene Scedosporium apiospermum 
Scedosporium 
apiospermum 
GAC:Vermiculite 
(15:85) 
60–80, 258 
(short term) 
García-Peña et 
al. (2001) 
Toluene Exophiala oligosperma 
Exophiala 
oligosperma Perlite >70 
Estévez et al. 
(2004) 
Toluene Paecilomyces variotii 
Paecilomyces 
variotii Perlite 60 
Estévez et al. 
(2004) 
Styrene Mixed culture with E. jeanselmei E. jeanselmei Perlite 62 
Cox et al. 
(1997) 
Styrene NS Bacteria + fungi Perlite 140 Paca et al. (2001) 
T: toluene, E: ethylbenzene, X: xylene(s), NS: not specified, GAC: granular activated carbon. 
a 
Found in the biofilter after several weeks/months operation. 
b 
Removal efficiencies (RE) >90%, unless otherwise stated. 
c 
Ratio (cfu bacteria/cfu fungi) = 3.75. 
 
 
 
 
 
 
 
 
 
 
 
 
4.4. Conclusions and future trends 
The first studies devoted to the biofiltration of volatile hydrophobic pollutants with 
fungal biocatalysts were published about one decade ago. Most of the research work has 
been focused on alquilbenzenes. Several conclusions can be drawn from the so far 
reported data. 
• 
Among the few fungal strains isolated so far, the organisms belonging to the 
genus Exophiala are the dominant ones. 
• 
As might have been expected from the typical physiological characteristics of 
these eukaryotes, fungal-biofilters can cope more efficiently than most bacterial-
biofilters with low moisture levels and acidification. As a general rule, it may be 
concluded that whenever the pH does not drop below approximately 3, the 
biofilter’s performance will be hardly affected, although the threshold value will 
depend on the specific organisms present in the biofilm. The influence of the 
moisture content has not been quantified accurately. However, if drying out is 
significant, this will also become an important issue in fungal biofilters. 
• 
In most studies in which one specific species was dominant in the biofilter, 
maximum elimination capacities around 70–90 g/m3 h (>95% removal 
efficiency) were obtained in the best cases, under steady-state conditions, for 
different benzene-compounds, which are highly satisfactory results compared to 
most bacterial-biofilters. Despite these encouraging data, the hypothesis that the 
performance should improve in presence of filamentous fungi because of the 
enhanced mass transfer, still needs to be confirmed scientifically in future 
research. 
• 
Unusually high elimination capacities of 200–250 g/m3 h have occasionally been 
reached in fungal-biofilters. However, such high values could only be 
maintained during short-term experiments and/or under non-steady-state 
conditions. Future research should allow defining how to maintain such a high 
performance for long periods, under stable conditions. 
• 
According to the literature, the best results were obtained in biofilters in which 
mixed bacterial-fungal populations were present with fungi as the dominant 
species. Under such conditions, in biofilters fed benzene-compounds, 
elimination capacities of 120–140 g/m3 h (RE > 95%) could be maintained 
under stable, relatively long operating conditions, even at a low pH around 3. 
• 
The few isolated fungi can only metabolize a quite narrow range of pollutants 
compared to most bacteria. Therefore, future research should also focus on the 
isolation and identification of new fungi with a broader substrate spectrum. 
• 
The filamentous growth of fungi favours fast clogging, which would lead to a 
gradual drop of the reactor’s performance over time. The controlled addition of 
mites has proven to slow down clogging phenomena. Nevertheless, further 
research is still needed in order to evaluate and optimize biological, physical and 
chemical alternatives to reduce head losses. 
• 
The potential pathogenecity of some fungal strains is another key issue that 
certainly needs to be investigated in biofiltration studies, but that has been 
somewhat overlooked by engineers. 
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